As one environmentally benign technology for the removal of NO x , the selective catalytic reduction of NO x by hydrogen (H 2 -SCR) in the presence of oxygen has attracted more and more attention. Recent progress in the H 2 -SCR of NO x has been reviewed with the focus on H 2 -SCR catalysts and the reaction mechanisms. The effects of the reaction conditions (H 2 , O 2 , H 2 O, CO and SO 2 ) on the performance of H 2 -SCR catalysts have been discussed. Finally, the future research direction for the H 2 -SCR of NO x has been proposed.
Introduction
Nitrogen oxides (NO x ), which are emitted from both mobile and stationary sources, cause significant environmental implications like acid rain and photochemical smog [1] . Selective catalytic reduction (SCR) of NO x is one effective method for the removal of NO x in the presence of oxygen, and different types of reducing agents have been employed [2] [3] [4] . In the NH 3 -SCR of NO x , many problems are encountered, such as catalyst deactivation and "NH 3 slip" [5] . For the HC-SCR, the poor low-temperature activity remains to be solved [6] . H 2 -SCR offers a solution to these problems since in this process H 2 can efficiently reduce NO x at relatively low temperatures [7] [8] [9] . Moreover, zero emission of greenhouse gas in the reaction makes it environmentally benign. Therefore, H 2 -SCR has attracted increasing attention for the control of NO x [10, 11] .
In the H 2 -SCR of NO x , noble metal catalysts, especially Pt and Pd-based catalysts, are reported to be active at relatively low temperatures. To date, extensive studies have been conducted on the development of the H 2 -SCR catalyst and the elucidation of the reaction mechanism. However, limited reviews have been reported to address the knowledge and advancements in the H 2 -SCR of NO x [12, 13] . The main focus of this paper is to review the recent progress in the H 2 -SCR of NO x , focusing on the reaction mechanism and discussing the structure and chemical factors influencing the performance of the H 2 -SCR catalysts. Finally, some future research perspectives for H 2 -SCR of NO x have been proposed.
Reaction Mechanism of H -SCR
For the H 2 -SCR of NO x , the reaction mechanism can be classified into two categories: NO adsorption/dissociation mechanism and oxidation-reduction mechanism. For the former reaction mechanism, the adsorption and dissociation of NO and H 2 are important, while for the latter the formation of nitrate and NH 3 (or NH 4 + ) is crucial for the reduction of NO x [10] . Figure 1 illustrates the reaction mechanism diagram of H 2 -SCR of NO x over a Pt-HY catalyst [14] . As shown in Fig. 1 , H 2 -SCR reaction can proceed on Pt surface, at Ptsupport interfacial region and on the support. On Pt surface, NO can be dissociated and the dissociation usually requires temperatures above 100 °C. The adsorbed H has a promotion effect on the dissociation of NO on the catalyst surface [15] . The appropriate concentration of O 2 in the reaction process can consume some of adsorbed H, thus inhibiting the formation of NH 3 . But the excess of O 2 will lead to the removal of a large amount of adsorbed H, resulting in a decrease in the NO x conversion and N 2 selectivity. The adsorbed N reacts with another adsorbed N to form N 2 , and N 2 O can be formed by its reaction with adsorbed NO. The product ratio of N 2 /N 2 O on Pt surface is closely related to the relative quantity of adsorbed H with respect to NO x species, and a deficiency of adsorbed H will contribute to the formation of N 2 O. At the Pt-support interface, the dominant product is N 2 O, which is formed by the reaction between NO 3 − (or NO 2 − ) and the spiltover hydrogen. Therefore, the reaction routes for the formation of N 2 O on Pt surface and Pt-support interface are different. In addition, N 2 can be formed by the reaction between NH 4 + species and NO + O 2 on the support. For H 2 -SCR catalyst, basic support can absorb NO 3 − or NO 2 − species as intermediates in the H 2 -SCR of NO x [16, 17] . On the other hand, acidic supports are proposed to stabilize active metal and to store ammonia as reaction intermediates, such as over Pt-WO 3 /TiO 2 [18] and Pt/HZSM-5 [14] catalysts. Li et al. [19] studied the H 2 -SCR of NO x over Pt/HZSM-5, Pt/MgO and Pt/Al 2 O 3 catalysts, and proposed that higher acidity support contributed to the formation of NH 3 (or NH 4 + ), which then reacted with NO + O 2 to form N 2 , leading to higher N 2 selectivity (see Fig. 2 ).
Over Pt/La 0.5 Ce 0.5 MnO 3 catalyst both nitrosyls and bidentate nitrate were identified as reaction intermediates [20] . In the case of Pt/MgO-CeO 2 catalyst, below 200 °C two active NO x reaction intermediates were formed namely bidentate or monodentate nitrate located on the MgO support and NO + coadsorbed with nitrate (NO 3 − ) species on an adjacent metal cation-oxygen anion site pair on CeO 2 [17] . As well as the type of NO x species, the adsorption strength between the adsorbed NO x species and the surface of the catalyst is also important. A decreased adsorption energy indicates the adsorbed NO x species is unstable and prone to reaction with the activated H atoms, thus promoting the reduction of NO x [18] . Costa et al. [8] also pointed out that the structure of adsorbed NO x and their adsorption energy with the surface of the catalyst are key factors determining the activity of the H 2 -SCR catalyst. For a Pt-WO 3 /TiO 2 catalyst, the introduction of WO 3 not only led to the formation of more monodentate nitrate and bridged nitrate species, but also enhanced their reactivities with H 2 . Moreover, the promotion of NH 4 + species formation and its reactivity should be another reason for the enhancement of WO 3 [18] .
The spillover of H species from noble metal to the support plays an important role for the H 2 -SCR to proceed [18] . Wang et al. [21] The reaction pathway of H 2 -SCR of NO x is also dependent on the reaction temperature [22, 23] . For Pt/NbAlMCM-41 catalyst, the following three reaction pathways existed [24] :
At 40-100 °C 
H 2 -SCR Catalyst

Active Noble Metal
As described above, the noble metal contributes to the dissociation of NO and H 2 , and the formation of active nitrate and NH x species. For both Pt and Pd, the metallic state is beneficial for the H 2 -SCR activity at relatively low temperatures [18, 26] .
Yuan et al. [27] found that H 2 pre-treated Pt/Al 2 O 3 catalyst or pre-treatment with H 2 followed by O 2 is much more active than the catalyst which has been pre-treated in air (see Fig. 3 ). The metallic Pt formed in the former two cases led to the formation of NO 2 , thus promoting the reaction to proceed at low temperatures. Wen [26] also found that the pre-reduced Pd/MFI catalyst exhibited much higher activity than the pre-oxidized catalyst for the reduction of NO x .
(1)
Li et al. [19] found that the support can influence the nature of the noble metal. HZSM-5, a typical acidic support, leads to the Pt preferentially being present in the metallic state, over which H 2 can be easily activated. In addition, metallic Pt contributed to the formation of NH 4 + , which then reduced NO x to form N 2 . For a series of Pd-doped aluminate spinel catalysts, XPS analysis showed that the Pd-3d 5/2 energy position decreased in the order of Pd/CuAl > Pd/ ZnAl > Pd/CoAl, indicating that the Pd in CoAl spinel was the most reduced among the three catalysts studied. The H 2 -SCR activity is increased in the order of Pd/CuAl < Pd/ ZnAl < Pd/CoAl [3] demonstrating that the lower valence state of Pd results in a higher activity for the H 2 -SCR reaction.
Effect of Promoter
The promoters of Pt and Pd-based H 2 -SCR catalysts can be divided into three types: alkali metals, transition metals and precious metal additives.
The addition of a small amount of Na in Pt/ZSM-5 [16] and Pt/Al 2 O 3 [28] catalysts leads to the promotion of the reduced Pt in the form of Pt 0 , which is beneficial for the optimization of activity and selectivity. Compared with Pd/ TiO 2 , Pd/K 2 O-6TiO 2 exhibited much higher N 2 selectivity [23] . Adding K 2 O enhanced the nitrate fixation ability of the catalyst and this could be the possible reason for the improved N 2 selectivity.
For 0.5%Pt/TiO 2 catalyst, the introduction of WO 3 led to a significant promoting effect on the activity in low temperature range of 100-175 °C [18] . It is evident that the addition of 1% WO 3 resulted in an enhancement of NO x conversion from 35 to 86% at 150 °C. As the WO 3 loading increased from 1 to 2%, the activity temperature window was further shifted to the low temperature region with 88% [27] NO x conversion obtained at 125 °C. Further increasing the WO 3 loading led to a slight decrease of NO x conversion (see Fig. 4 ). Therefore, the optimal WO 3 loading for the modified 0.5%Pt/TiO 2 catalyst is 2%. XANES measurements of the catalyst revealed that part of Pt species over 0.5%Pt-2%WO 3 / TiO 2 was present in the form of metallic Pt due to the introduction of WO 3 (see Fig. 5 ). In-situ DRIFTS revealed that the addition of WO 3 also resulted in increased adsorbed NO x species and the appearance of NH 4 + . The synergetic effect between Pt and WO 3 not only led to the unstable adsorbed NO x species but also promoted the spillover of activated H. Therefore, the removal of NO x over Pt-WO 3 /TiO 2 catalyst was facilitated.
In the case of Pt/HZSM-5 catalyst, the addition of WO 3 also showed a promoting effect [11] . Again the WO 3 led to the formation of Pt 0 , over which the dissociation of NO and H 2 was significantly promoted. Komatsubara et al. [24] doped a Pt/AlMCM-41 catalyst with Nb and showed that the activity was greatly improved in the temperature range of 100-377 °C. The addition of Nb is beneficial for the formation of ammonia, leading to the enhancement of the NH 3 -SCR reaction and/or the oxidation of ammonia to N 2 or N 2 O.
Duan et al. [10] reported that the addition of Mn to Pd/ TiO 2 -Al 2 O 3 catalyst led to a wider operating temperature window and enhanced N 2 selectivity. The co-presence of Mn and Pd induced a synergetic effect for H 2 -SCR. In this case new active nitrogen oxides adsorbed on MnO x were observed using IR studies and the removal of active nitrogen oxide adsorbed on Pd-Mn/TiO 2 -Al 2 O 3 catalyst was promoted. In situ DRIFTS results revealed that more unstable nitrogen oxide species were adsorbed and activated on the catalyst due to the addition of Mn. In addition, Lewis acid sites were present on Pd-Mn/TiO 2 -Al 2 O 3 catalyst at high temperature, leading to increased adsorbed NH 3 and NH x species, which reduced nitrate/nitrite species at high temperatures following the NH 3 -SCR reaction route. Macleod et al. [29] found Pd/Al 2 O 3 was not active for the H 2 -SCR of NO x ; however, the addition of V 2 O 5 resulted in a noticeable enhancement of the H 2 -SCR activity, with a maximum NO x conversion of 95% obtained at 250 °C [30] . They concluded from a FT-IR study that the high activity was attributed to the formation of NH x species as reaction intermediates in NO x reduction [30] . Similar promoting effect of V 2 O 5 was also reported by Qi et al. [31] . The addition of Sn to Pd/ TiO 2 -Al 2 O 3 catalyst resulted in the increased NO x conversion and N 2 selectivity above 200 °C [32] . The added Sn led to highly dispersed Pd, the formation of Pd 0 and the strong interaction between Sn and Pd. All of these contributed to the adsorption of NO and the oxidation of NO to NO 2 , both of which promoted the H 2 -SCR of NO x . As a result, Pd-Sn/ TiO 2 -Al 2 O 3 catalyst exhibited higher catalytic performance than Pd/TiO 2 -Al 2 O 3 .
Li et al. [33] studied the performance of Pd-Ir/TiO 2 catalyst for the H 2 -SCR of NO x . Compared with Pd/TiO 2 and Ir/TiO 2 , Pd-Ir/TiO 2 catalyst was much more active and it showed excellent deNO x activity (see Fig. 6 ). Over Pd/TiO 2 catalyst the by-product NH 3 was formed. While over Pd-Ir/ TiO 2 catalyst NH 3 was not produced and the selectivity to N 2 was higher than that of Pd/TiO 2 catalyst (see Fig. 7 ). XPS Bimetallic Pd-Au/TiO 2 catalyst also showed higher activity than pristine Pd/TiO 2 and Au/TiO 2 catalysts [34] . Pd-Au/ TiO 2 showed a wide activity temperature window with over 70% NO x conversion and N 2 selectivity obtained from 150 to 400 (see Fig. 8 ). The synergetic effect between Pd and Au contributed to the formation of Pd 0 and the Pd-Au alloy, which accounted for its excellent H 2 -SCR catalytic performance.
Noble Metal Doped Spinel Oxide Catalyst
In noble metal doped spinel oxide catalysts [35, 36] , Pt and Pd can enter the lattice structure of the spinel oxide without destroying its structure. In these cases noble metal exists in the form of metal ions, which contributes to the adsorption and dissociation of NO, thus leading to improved H 2 -SCR activity.
NiFe 2 O 4 spinel oxide catalyst showed little activity for the H 2 -SCR of NO x , however, the activity was significantly improved by doping Pt. Over NiFe 1.95 Pt 0.05 O 4 catalyst 96% NO x conversion can be achieved at 60 °C [35] . XRD, FTIR, Raman and XPS analyses showed that Pt can be incorporated into the spinel lattice with different chemical state: Pt 2+ occupied the tetrahedral sites and Pt 4+ resided in the octahedral sites (see Fig. 9 ). Both of the oxidized Pt promotes the back-donation process, and the lack of filling electrons of the 5d band makes Pt more readily hybridize with the 5σ orbital of the NO molecule, thus facilitating the NO chemisorption on the Pt sites [35] . The incorporation of Pt into spinel structure also led to a high dispersion [34] of Pt on the surface of Ni-Fe, which is also beneficial for the H 2 -SCR activity [37] . For the NiFe 2−x Pt x O 4 catalyst, although no Pt 0 was present in the catalyst, the oxidized Pt also promoted the H 2 -SCR to proceed by enhancing the NO chemisorption. This work provides a new insight in designing novel H 2 -SCR catalyst.
When Pd is incorporated into the spinel lattice of NiFe 2 O 4 spinel oxide to form the NiFe 2−x Pd x O 4 catalyst, nearly 100% conversion can be obtained at 190 °C [36] . It is evident that the temperature window is shifted to higher temperature range in the case of the doped Pd catalyst compared with the Pt doped catalyst. For the NiCo 2 O 4 catalyst, a maximum NO x conversion of ~ 40% is obtained at 350 °C [38] . Over the temperature range of 50-350 °C, the selectivity to N 2 is between 60-80%. When a small amount of Pd is doped into the system, the NO x conversion and N 2 selectivity are noticeably improved. In the temperature range of 200-250 °C, the conversion rate of NO is above 90%. Between 130 and 350 °C the selectivity to N 2 is above 90%, and nearly 100% N 2 selectivity was achieved within between 200 and 270 °C. Cai et al. [39] added a small amount of Ce into the NiCoPd to form Ni 1−x Ce x Co 1.95 Pd 0.05 O 4 catalyst. The introduction of Ce not only improved the activity of the catalyst, but also widened the activity temperature window. The doped Ce enhanced redox property and weakened the strength of the weak acid, thus promoting NO stripping. All of these contribute to promoting H 2 -SCR reaction. The introduction of a small amount of Pd to CoAlO x , ZnAlO x and CuAlO x spinel also led to an enhancement in the SCR activity [3] . Through NH 3 -TPD characterization, it was found that the introduction of Pd to the spinel oxide led to stronger acidic sites and greater acidity, both of which accounted for the noticeable increase of the H 2 -SCR activity.
Noble Metal Doped Perovskite-Type Oxide Catalyst
Costa et al. [40, 41] 
Non Noble Metal H 2 -SCR Catalyst
Considering the high price of the noble metal, some studies have investigated the catalytic performance of non-noble metal catalyst for the H 2 -SCR of NO x to reduce the cost of the deNO x catalyst. Wang et al. [43] synthesized a Cu/CeO 2 catalyst with an ordered mesoporous structure and doped the catalyst with Co, Fe and Mn. Among these catalysts CuCo/CeO 2 showed the highest activity over the temperature range of 200-400 °C which also had the highest sulfur resistance. The reason for its superior performance was attributed to the existence of CoO x species on the surface and the ease of reduction from Ce 4+ to Ce 3+ leading to more oxygen vacancies and low desorption temperature of NO. Väliheikki et al. [44] reported that 3%W-Ce z Zr 1−z O 2 catalyst showed 30-55% NO x conversion in the H 2 -SCR of NO x over the temperature range of 250-350 °C and a selectivity to N 2 of 85-92%. During the reaction, a variety of NO x adsorbed species were found on the catalyst surface; however, only a small amount of the surface NO x (4-7 mol/g) was reactive towards H 2 , while the remainder (> 160 mol/g) did not react.
La based perovskite type oxides with ABO 3 as the general formula has attracted wide attention because of its low price, high stability and high resistance to sulfur [45] . Its catalytic performance can be changed by replacing the metal ions in the B position, thus regulating the redox ability of the catalyst. At the same time, the interaction between La and B atom also has an important influence on the catalytic performance. Luo et al. [46] reported that the partial replacement of Ni in the LaNiO 3 by Fe can form LaNi 1−x Fe x O 3 catalyst, which is more active than LaNiO 3 catalyst for H 2 -SCR of NO x . Fig. 9 A schematic diagram of the structure of NiFe 2−x Pt x O 4 spinel type catalyst [35] As well as metal oxides, zeolite-based catalysts have also been investigated for H 2 -SCR of NO x . Over Zn-ZSM-5 catalyst prepared by ion exchange a maximum NO conversion of 60% at 250 °C was observed, and a selectivity to N 2 of ~ 70% [47] . The catalytic activity of Zn-ZSM-5 catalyst is closely related to the Zn ion in the channels of the zeolite. More Zn ions are favorable for higher H 2 -SCR activity. The H 2 -TPD characterization showed that the chemical adsorption of H 2 was influenced by Zn ion and the structure of molecular sieve.
Effects of Reaction Conditions
Effect of Reactant Gas
In H 2 -SCR of NO x , the concentration of H 2 and O 2 can exert a great effect on the activity and selectivity of the catalyst. H 2 acts as a reductant of H 2 -SCR process. First, the adsorbed H can consume adsorbed O generated by NO dissociation, thus promoting the dissociation and reaction of NO. This process is beneficial for H 2 -SCR. Secondly, any excess adsorbed H will occupy a large number of active sites, which inhibits the adsorption and dissociation of NO, thus suppressing H 2 -SCR reaction. The impact of H 2 on the H 2 -SCR of NO x was mainly studied by changing the ratio of H 2 /NO. Wang et al. [21] studied the effect of H 2 on the catalytic activity of Pd/V 2 O 5 /TiO 2 /SBA-15 and Pd/V 2 O 5 / TiO 2 /MCM-41. The NO x conversion as a function of the H 2 / NO ratio is illustrated in Fig. 10 . When the ratio of H 2 /NO is 40, the highest conversions over Pd/V 2 O 5 /TiO 2 /SBA-15 and Pd/V 2 O 5 /TiO 2 /MCM-41 were 95% and 84%, respectively. As the ratio of H 2 /NO is decreased to 10, the highest conversion is decreased to 56% and 29%, respectively. For the NiFe 2−x Pt x O 4 catalyst the maximum conversion is also reduced to 80% from 96% as the ratio of H 2 /NO is decreased from 10 to 5 [35] . Therefore, high ratio of H 2 /NO contributes to the reduction of NO x . O 2 has two main effects on the H 2 -SCR process. It can deplete the adsorbed H on the catalyst surface, releasing active sites, and oxidize NO to form NO x species and inhibit NH 3 generation. O 2 may also lead to the oxidation of the active sites, which is unfavorable to the catalytic reaction. For the NiFe 2−x Pt x O 4 catalyst, the maximum NO x conversion is reduced from 96 to 72% as the concentration of O 2 is increased from 2 to 6% [35] . The increase of the concentration of O 2 also leads to the decreased activity of NiCo x PdO 4 catalyst [39] . In the case of the W-Ce x Zr 1−x O 2 catalyst [44] , increasing the O 2 concentration from 5 to 10% resulted in enhanced N 2 selectivity by 5-10% in the temperature range of 200-500 °C, although the NO x conversion was decreased. Therefore, the variation of O 2 concentration not only affects the activity but also the selectivity of the H 2 -SCR catalyst.
Effects of H 2 O, CO and SO 2
Since H 2 O, CO and SO 2 are also present in the exhaust, the ability to resistance against these gases is an important factor in the assessment of H 2 -SCR catalyst for any potential deNO x application. Therefore, the effects of H 2 O, CO and SO 2 on H 2 -SCR of NO x have been investigated.
The adsorbed H 2 O can stabilize adsorbed nitrate species through hydration, thus showed a positive effect on the activity of the catalyst for the reduction of NO x [37] . H 2 O can also compete with NO and occupy active sites, leading to the decrease of the activity of the catalyst. Zhao et al. [48] studied the effect of H 2 O on H 2 -SCR reaction over Pt-HZSM-5 catalyst. In the absence of H 2 O, the maximum NO x conversion was obtained at 130 °C. While in the presence of 5% H 2 O, the NO x conversion was improved and the peak conversion was achieved at 100 °C. The reasons for the promoting effect of H 2 O may be that at low temperatures the activation of H 2 is the rate-determining step of the H 2 -SCR reaction, and the addition of H 2 O promotes the activation of H 2 [48] . At high temperature the presence of H 2 O promotes the consumption of H 2 , thus resulting in a decrease of the NO x conversion (see Fig. 11 ). Burch et al. [28] studied the effect of H 2 O on the activities of Pt/Al 2 O 3 and Pt/SiO 2 catalysts and found that both the NO x conversion and N 2 selectivity were decreased in the presence of H 2 O. The competitive adsorption between H 2 O and NO on the active sites could be the reason for the H 2 O inhibition [6] . The effect of H 2 O is also dependent on the reaction temperature. For 0.5%Pt-2%WO 3 /TiO 2 catalyst, the inhibiting effect of H 2 O was significant below 125 °C, while above 125 °C only a minor inhibition was observed [18] .
The effect of CO on the H 2 -SCR process is related to the concentration of CO and the reaction temperature. When the temperature is below 200 °C, the presence of CO can [21] obviously inhibit the deNO x activity of 0.1%Pt/MgO-CeO 2 catalyst, and the inhibition becomes more severe with increasing the CO concentration [9, 49] . The inhibiting effect of CO is attributed to the competitive adsorption between CO and H 2 at low temperatures. Schott et al. [50] found that the presence of 40 ppm CO had little effect on the performance of the Pt/W/ZrO 2 catalyst; however, the presence of 400 ppm CO led to a drastic decrease of the catalytic activity. Liu et al. [18] studied the effect of CO on the catalytic activities of 0.5%Pt/TiO 2 and 0.5%Pt-2%WO 3 /TiO 2 catalysts (see Fig. 12 ). It is evident that the presence of CO had a stronger inhibiting effect on 0.5%Pt/TiO 2 compared with the WO 3 doped catalyst, leading to an almost complete loss in activity. For the 0.5%Pt-2%WO 3 /TiO 2 catalyst, a significant decrease of NO x conversion was observed below 150 °C; however, the NO x conversion was noticeably increased on raising the temperature and above 175 °C the conversion was even higher than that obtained in the absence of CO. At higher temperature the oxidized Pt could be reduced by CO, which may contribute to increasing the surface coverage of H, thus leading to higher NO x conversion [9] .
For Pd-based catalyst, Qi et al. [31] found that the presence of CO decreased the NO x conversion over Pd-V 2 O 5 / TiO 2 -Al 2 O 3 catalyst, especially at low temperatures. This is in contrast to the study of Macleod et al. [51, 52] , who observed a promoting effect of CO over Pd/TiO 2 /Al 2 O 3 . Rodríguez et al. [53] O 3 catalysts. The competitive adsorption of both CO and NO on the same active sites could account for the inhibiting effect of CO. Considering that the coadsorption of CO and NO on Pd surface is closely dependent on the Pd crystal planes [54] , the design of special crystal plane of Pd could be one way to improve the CO tolerance of Pd-based H 2 -SCR catalyst.
Cai et al. [38] studied the effect of different concentrations of SO 2 on the catalytic activity of a NiCo 1.95 Pd 0.05 O 4 catalyst and the result is shown in Fig. 13 . Just slight inhibiting effect was observed for the reaction over NiCo 1.95 Pd 0.05 O 4 when SO 2 was present in the feed gas below 300 ppm; however, in the presence of 500 ppm SO 2 a drastic decrease in the NO x conversion was observed. The activity of the catalyst can be partially recovered on removing SO 2 from the gas feed. In contrast, over Pd-V 2 O 5 /TiO 2 -Al 2 O 3 , 20 ppm SO 2 led to a rapid decrease of the NO x conversion at 200 °C within the first two hours of reaction on stream [31] . This indicates that the sulfur tolerance of Pd-V 2 O 5 /TiO 2 -Al 2 O 3 needs to [38] be improved for the practical application. The inhibiting effect of SO 2 could be attributed to the formation of thermodynamically stable sulphate species due to the reaction between SO 2 and O 2 , leading to the decrease of the active sites for NO and H 2 chemisorption [3] . Costa et al. [37] found that for the Pt supported on nonsulfated MgO-CeO 2 support catalyst, the presence of SO 2 led to a gradual deactivation with the activity almost being completely lost after 20 h on stream (see Fig. 14) . In order to improve the sulfur tolerance of this catalyst, MgO-CeO 2 support was first sulfated and then doped with Pt. This catalyst showed high resistance against SO 2 and it retained its activity and was extremely stable in the presence of 25 ppm SO 2 during 24 h of continuous reaction at 200 °C. The presulfated MgO-CeO 2 support prevents the adsorption of SO 2 and SO 3 but still adsorbs NO x adsorption. This provides a strategy to designing sulfur tolerant H 2 -SCR catalyst.
Conclusions
H 2 -SCR is a highly promising alternative technology to NH 3 -and HC-SCR of NO x . Noble metal (especially Pt and Pd) based catalysts exhibited high NO x conversion at low temperatures. However, the selectivity to N 2 is not practicable and the narrow activity temperature window needs to be widened to be applied. The presence of CO, which is a by product in the reforming of hydrocarbons to produce H 2 , can cause the deactivation of noble metal catalyst due to the strong adsorption ability of CO on the surface of noble metal catalysts. Therefore, H 2 -SCR catalyst with high resistance against CO is very important from the viewpoint of practical application. Noble metals combined with transition metal to form alloyed catalyst could be one way to improve the tolerance to CO. At the same time, the alloyed catalyst is of anti-oxidation ability, which can keep the noble metal in the metallic state even in the presence of oxygen at relatively high temperature. Thus the activity temperature window of the H 2 -SCR catalyst could also be broadened.
Some reaction mechanisms have been proposed for H 2 -SCR of NO x . It seems that the reaction mechanism is closely related to the support type and the catalytic active sites. In some cases, NH x species could be formed and thus the NH 3 -SCR and H 2 -SCR reaction routes could proceed simultaneously. However, the identities of the elementary steps are still under debate. Although the effects of H 2 O and SO 2 have been examined and the mechanisms of inhibition postulated, further work is necessary to fully understand the mechanism by a combination of in situ spectroscopy and density functional theory (DFT) calculations.
